Ni CW, Qiu H, Jo H. MicroRNA-663 upregulated by oscillatory shear stress plays a role in inflammatory response of endothelial cells. Am J Physiol Heart Circ Physiol 300: H1762-H1769, 2011. First published March 4, 2011; doi:10.1152/ajpheart.00829.2010The mechanisms by which oscillatory shear stress (OS) induces, while high laminar shear stress (LS) prevents, atherosclerosis are still unclear. Here, we examined the hypothesis that OS induces inflammatory response, a critical atherogenic event, in endothelial cells by a microRNA (miRNA)-dependent mechanism. By miRNA microarray analysis using total RNA from human umbilical vein endothelial cells (HUVECs) that were exposed to OS or LS for 24 h, we identified 21 miRNAs that were differentially expressed. Of the 21 miRNAs, 13 were further examined by quantitative PCR, which validated the result for 10 miRNAs. Treatment of HUVECs with the miR-663 antagonist (miR-663-locked nucleic acids) blocked OS-induced monocyte adhesion, but not apoptosis. In contrast, overexpression of miR-663 increased monocyte adhesion in LS-exposed cells. Subsequent mRNA expression microarray study using HUVECs treated with miR-663-locked nucleic acids and OS revealed 32 up-and 3 downregulated genes, 6 of which are known to be involved in inflammatory response. In summary, we identified 10 OS-sensitive miRNAs, including miR-663, which plays a key role in OS-induced inflammatory responses by mediating the expression of inflammatory gene network in HUVECs. These OS-sensitive miRNAs may mediate atherosclerosis induced by disturbed flow. micro-ribonucleic acid; microarray; blood flow ATHEROSCLEROSIS IS AN INFLAMMATORY disease that occurs preferentially at particular areas of disturbed flow characterized by low and oscillatory wall shear stress (OS) in branched or curved arteries (10, 31). In contrast, straight arterial regions are exposed to high and stable laminar shear stress (LS) and are well protected from atherosclerosis (31). Recently, our laboratory has shown that disturbed flow caused by partial ligation of mouse carotid artery induces robust atherosclerosis rapidly within 2 wk on a high-fat diet (19), directly demonstrating the causal relationship between disturbed flow and atherosclerosis (19). However, the underlying mechanisms by which disturbed flow induces atherosclerosis still remain unclear.
ATHEROSCLEROSIS IS AN INFLAMMATORY disease that occurs preferentially at particular areas of disturbed flow characterized by low and oscillatory wall shear stress (OS) in branched or curved arteries (10, 31) . In contrast, straight arterial regions are exposed to high and stable laminar shear stress (LS) and are well protected from atherosclerosis (31) . Recently, our laboratory has shown that disturbed flow caused by partial ligation of mouse carotid artery induces robust atherosclerosis rapidly within 2 wk on a high-fat diet (19) , directly demonstrating the causal relationship between disturbed flow and atherosclerosis (19) . However, the underlying mechanisms by which disturbed flow induces atherosclerosis still remain unclear.
Gene expression profiles are dramatically altered when endothelial cells (ECs) are exposed to LS or OS. LS is known to increase expression of atheroprotective genes, including Kruppel-like factors 2 and 4 (KLF2 and KLF4), and endothelial nitric oxide synthase (eNOS), while OS stimulates inflammation by overexpression of bone morphogenic protein-4 (BMP4) and adhesion molecules, such as VCAM1, ICAM1, and Eselectin (4, 5, 14, 20, 24, 25) . Numerous studies have shown differences between LS-and OS-dependent gene and protein regulation; however, the detailed mechanisms underlying shear dependent gene expression has not been fully elucidated.
MicroRNAs (miRNAs) are a large class of conserved, noncoding, small RNAs that are typically 18 -22 nucleotides in length. They repress gene expression posttranscriptionally by interacting mainly with the 3= untranslated region of specific target mRNAs in a sequence-specific manner (36) . Nearly 800 miRNAs are encoded in the human genome, and each targets multiple mRNAs, resulting in mRNA degradation or translational inhibition (30) . miRNAs control cell proliferation, differentiation, and apoptosis (2, 15, 35) . In ECs, miRNAs regulate cell migration, angiogenesis, and inflammation. In human ECs, knockdown of Dicer or Drosha, two key enzymes for miRNA biogenesis, causes a decrease in angiogenesis (11, 26) . More specifically, let-7f and miR-27b have been shown to exert proangiogenic effects (11) , while overexpression of miR-221/222 in human umbilical vein EC (HUVEC) inhibits tube formation, migration, and wound healing in response to stem cell factor, suggesting it has an antiangiogenic effect (21) . The role of miRNAs in vascular inflammation has been reported. miR-126 was shown to inhibit VCAM-1 expression, a mediator of leukocyte adherence to ECs (8) . Also, downregulation of miR-21 decreased neointima formation in the injured rat carotid artery (9) .
Although several insights have been made regarding miRNAs governing cellular responses in ECs, the effect of shear stress on miRNA expression is not fully elucidated (22, 33, 34) . Given the differential gene regulation between LS and OS, we hypothesized that shear-sensitive miRNAs play critical roles in regulating gene expression and subsequently mediate OS-induced inflammation. To test the hypothesis, we screened the miRNA expression profiles of HUVEC exposed to LS or OS. Through validation studies, we identified 10 OS-sensitive miRNAs. Next, we determined the functional importance of the most OS-induced miRNA, miR-663, and found its specific role in endothelial inflammatory response, but not in apoptosis,. We then carried out an additional genomewide array study to discover the potential target genes of miR-663. This DNA microarray study identified 35 potential miR-663 targets, which include a network of inflammatory genes and transcription factors such as KLF4. Collectively, these results suggest that OS induces inflammatory responses in ECs by altering miRNA expression, such as upregulation of miR-663, which, in turn, mediates expression of networks of genes.
MATERIALS AND METHODS
Cell culture and shear studies. HUVECs (more than 5 different lots) were purchased from BD Biosciences, cultured in M199 media (Cellgro) with 20% fetal bovine serum (Hyclone) and used between passages 5 and 6. Confluent cells were exposed to unidirectional LS (15 dyn/cm 2 ) or OS (Ϯ5 dyn/cm 2 at 1-Hz frequency) for 24 h using a cone-and-plate shear device, as described by our laboratory previously (1, 25) .
Microarray analysis of miRNA expression and quantitative PCR validation. Total RNA was isolated with the miRNeasy Mini Kit (QIAGEN) using HUVEC exposed to LS or OS for 1 day. Microarray assay was performed using a service provider (LC Sciences), as described previously (13) . Briefly, total RNA samples were size fractionated, and small RNAs (Ͻ300 nt) were 3=-extended with a poly(A) tail. An oligonucleotide tag was then ligated to the poly(A) tail for fluorescent dye staining; two different tags (for Cy3 and Cy5 dyes) were used in dual-sample experiments. Hybridization was performed overnight on a Paraflo microfluidic chip (Chip ID miRHuman 12.0 version, LC Sciences). After the fluorescence images were collected, the ratio (Cy3/Cy5, log2 transformed, balanced) and P values were calculated using Student's t-test. Significant signals were those with Ͻ0.05 P values. We then validated the array data by quantitative PCR (qPCR). Briefly, the isolated total RNA was polyadenylated and reverse transcribed for use in a two-step qPCR using the NCode miRNA First-Strand cDNA Synthesis and qPCR kits (Invitrogen). The resulting cDNA was subjected to qPCR using the NCode universal reverse primer, in conjunction with a sequencespecific forward primer for selected miRNAs. A master mix was prepared for each PCR, which included SYBR GreenER qRT-PCR SuperMix, forward primer, Universal qPCR Primer, ROX reference dye, and template cDNA. RNU6B was used as the internal control. The reactions were monitored using a preheated real-time instrument (ABI StepOne Plus). The PCR conditions were 2 min at 50°C and 10 min at 95°C, followed by 40 cycles of 95°C for 4 s and 57°C for 30 s.
HUVEC transfection with miR-663-locked nucleic acids antagonist or pre-miR-663 precursor. HUVECs were transfected with miR-CURY locked nucleic acids (LNA) (miR-663 LNA and scrambled miR as a control, Exiqon) or miRNA precursor (pre-miR-663 and pre-miR-control, Ambion) in a dose-dependent manner using Oligofectamine (Invitrogen), as described previously (24) .
Monocyte adhesion and caspase-3 activity. One day posttransfection, HUVECs were exposed to OS or LS for 1 day, and monocyte adhesion was determined using THP-1 cells, as our laboratory has previously described (24, 25) . Caspase-3 activity in the cell lysate was determined by using the caspase-3 Fluorescent Assay Kit (BD Biosciences), according to the manufacturer's instructions.
mRNA microarray analysis and qPCR validation. Total RNA samples were extracted using miReasy mini kit (QIAGEN) from HUVECs transfected with miR-663-LNA or control miR-LNA after 24-h shear exposure (LS or OS). All RNA samples passed quality control using Agilent BioAnalyze NanoChip before the gene chip study was carried out in the Emory Biomarker Service Center at the Emory University. A HumanHT-12 v3 Expression BeadChip array (Illumina) was used in this study, and the data were statistically analyzed by significance analysis of microarrays (29) . The differentially expressed genes were identified as significant if expression level in OS-exposed ECs was different by Ͼ50% of LS and at the false discovery rate of 10% (Q value). Total RNA of each sample was reverse transcribed into cDNA using SuperScript III and random primers (Invitrogen), as we described. Briefly, qPCR was performed on selected genes using Brilliant II SYBR Green QPCR Master Mix (Stratagene) with custom-designed primers on a Real-Time PCR System (ABI StepOne Plus). All qPCR results were normalized based on 18S RNA expression in each sample. Fold changes between samples were determined using the ⌬⌬Ct method (23).
RESULTS

Identification of miRNAs differentially regulated by OS and LS.
To determine whether miRNA expression is changed in ECs exposed to OS compared with LS, total RNAs obtained from HUVECs exposed to LS or OS were used for miRNA microarray using Paraflo microfluidic chip containing 856 human miRNA probes. This analysis revealed that 244 miRNAs of the 856 examined were detectable in HUVECs. Of the 244 detected miRNAs, 21 miRNAs (9 higher and 12 lower) were differentially expressed by Ͼ50% (P Ͻ 0.05) in OSexposed cells compared with LS (Table 1) .
Verification of shear-sensitive miRNAs by qPCR. To validate the microarray data, qPCR was used as an independent measure of miRNA expression. Of the 21 miRNAs identified by the array result, we selected the top 13 based on their potential abundance and fold stimulation, as determined by the microarray data ( Table 1 ). In addition, we also examined miR-126 expression, since it is a well-known endothelialspecific miRNA (8), although it was not shear sensitive in our array result. Ten miRNAs of the 13 examined were confirmed by qPCR results as OS sensitive (Fig. 1 ). These include miR-663, miR-1275, and miR-638, which were upregulated, while miR-320a,b,c, miR-151-3p, miR-195, miR-27b, and miR-139 -5p were downregulated by OS compared with LS in HUVECs. As expected, miR-126 was highly expressed in ECs, but its level was not altered by OS compared with LS.
miR-663 plays a role in OS-induced monocyte adhesion, but not in apoptosis of ECs.
Since miR-663 expression was the most OS-sensitive miRNA, we decided to study its functional significance in ECs by using a specific inhibitor, miR-663-LNA. Transfection of HUVEC with miR-663-LNA decreased endogenous miR-663 level in a concentration-dependent manner compared with the control LNA ( Fig. 2A) . Furthermore, miR-663-LNA (100 nM) significantly inhibited OS-induced miR-663 expression (Fig. 2B ), demonstrating that this is an efficient approach to inhibit miR-663 in HUVECs exposed to shear. Interestingly, however, miR-663-LNA did not lower miR-663 level in cells under LS condition (Fig. 2B ). This may be because its expression level in LS condition is already low, and miR-663-LNA could not lower it further. To test whether miR-663 plays a role in endothelial function, we examined whether miR-663-LNA prevents two well-characterized OSinduced events in ECs: inflammation (24, 25) and apoptosis (18) , as measured by monocyte adhesion and caspase-3 activity assays, respectively. As shown previously, exposure of HUVECs to OS increased monocyte adhesion to ECs by more than fourfold compared with that of LS in cells treated with control LNA (Fig. 2C) . miR-663-LNA treatment inhibited OS-induced monocyte adhesion by ϳ70% of the control LNA group (Fig. 2C) . Moreover, miR-663-LNA also significantly inhibited monocyte adhesion induced by another wellknown proinflammatory cytokine, TNF-␣ (Fig. 2D) . Next, we examined the effect of miR-663-LNA on OSinduced caspase-3 activity. OS exposure significantly increased caspase-3 activity compared with LS in HUVEC treated with control LNA, but it was not affected by miR-663-LNA (Fig. 2E) . In addition, another independent apoptosis assay, DNA fragmentation assay, showed essentially the same result as the caspase-3 assay (Fig. 2F) . These results suggest that miR-663 has a specific role in OS-or TNF-␣-induced inflammatory pathways, but not in apoptosis.
Next, we tested whether overexpression of miR-663 has any effect on monocyte adhesion and apoptosis. Transfection with pre-miR-663 dramatically increased miR-663 expression in HUVECs cultured under static (Fig. 3A) LS or OS condition (Fig. 3B) . While pre-miR-663 overexpression in HUVEC increased monocyte adhesion by ϳ50% in LS-exposed cells (Fig. 3C) , it did not affect OS-induced monocyte adhesion (Fig. 3C) . In contrast, pre-miR-663 had no effect on apoptosis of HUVEC exposed to OS or LS (Fig. 3D) . Together, these findings suggest a specific role of miR-663 in OS-induced monocyte adhesion, but not in apoptosis.
miRNA-663 altered mRNA expression in ECs exposed to OS. Extensive in silico analysis using web-based search programs, such as TargetScan and miRanda, to search for potential targets of miR-663 produced no obviously identifiable proinflammatory genes. These results suggested that miR-663 may regulate a network of genes, rather than a single or a small number of target genes to regulate inflammatory response. To test this hypothesis, we performed an additional genomewide microarray to identify mRNAs regulated by miR-663 in HUVECs exposed to OS. ECs were transfected with control miR-LNA or miR-663-LNA and then subjected to either LS or OS for 24 h. Microarrays were then performed using Illumina BeadChip, and the data were first analyzed to determine gene expression profiles between cells exposed to OS and LS in control or miR-663-LNA-treated cells. As shown in the heat map (Fig. 4A) , OS upregulated 1,056 gene probes, while downregulating 903 compared with LS in control LNAtreated ECs. Among those, many well-studied, shear-sensitive genes identified in our array data, including KLF2, KLF4, eNOS, BMP4, ANGPT2, and VCAM-1, were shown to be regulated in a manner that is consistent with the previous findings (4, 14) , providing confidence on our current array data. We also found that 854 and 698 gene probes were up-and downregulated, respectively, by OS compared with LS in miR-663-LNA-treated ECs, as shown in Fig. 4B (gene list deposited to GEO:GSE20739).
More importantly, we determined which gene expression was altered in a miR-663-dependent manner by comparing miR-663-LNA-treated ECs to control LNA group under OS condition. The results showed that 32 genes were upregulated, while 3 were downregulated in cells treated with OS and the miR-663 inhibitor (Fig. 4C and Table 2 ). In contrast, only one gene, KBTDB2, exhibited a significant difference between control LNA and miR-663-LNA in LS-treated ECs (Table 2) . Next, we validated the microarray results by qPCR for 10 genes. The qPCR results validated 7 of 10 genes, including KLF4, FOSB, SLC7A5, and NAV2 (neuron navigator 2) (Fig. 4D) .
Furthermore, we determined which of the 35 genes (32 upregulated and 3 downregulated) in OS-treated cells were potential targets of miR-663 by in silico analysis using TargetScan (Table 2 ) and MiRanda (data not shown). This analysis revealed 4 of 35 genes are potential direct targets of miR-663: SLC7A5, NAV2, and two transcription factors, FOSB and CEBPB. To test our hypothesis whether these 35 genes regulated by miR-663 play a role in OS-mediated inflammatory response, we carried out Database for Annotation, Visualization, and Integrated Discovery analysis. The functional annotation result showed that inflammatory responses were indeed affected by miR-663 (Table 3) . Moreover, additional cellular processes, such as regulation of transcription and cell proliferation, were also regulated by miR-663 (Table 3) . A total of seven transcription factors (FOSB, CEBPB, DDIT3, ATF3, KLF4, BNC1, and MYCN) were identified as direct or indirect targets of miR-663 in OS-treated cells. These results suggest that miR-663 is a shear-sensitive miRNA, regulating expression of many genes, including the transcription factors, which, in turn, induce inflammatory response in ECs.
We then examined whether miR-663-LNA altered expression of other OS-sensitive miRNAs. This study was designed to test our additional hypothesis that miR-663-LNA altered expression of OS-sensitive miRNAs, which, in turn, regulated expression of the 31 indirect targets of miR-663 identified above (Table 2) . While miR-663-LNA inhibited its own expression level in OS-exposed ECs, as expected, it showed no significant effect on any of the examined shearsensitive miRNAs, except for a modest (ϳ30%) increase for miR-27b.
DISCUSSION
In this study, we identified 10 OS-sensitive miRNAs in cultured ECs by performing a genomewide miRNA microarray and subsequent validation by qRT-PCR study (Fig. 1) . We next determined the functional importance of the most OS-sensitive miRNA, miR-663, as a proinflammatory gene. Using the miR-663-specific inhibitor (miR-663-LNA), we found that miR-663 specifically mediated OS-induced monocyte adhesion to ECs, while it did not have any effect on OS-induced apoptosis (Fig.  2) . We then performed an additional genomewide DNA microarray study to identify potential gene targets regulated by miR-663 in HUVECs. From the study, we found 35 potential genes regulated (Table 2) ; however, in silico analysis, such as Targetscan and MiRanda screening of these 35 genes, showed that only four genes are predicted to be the potential target of miR-663. Among those miR-663-regulated genes, several are transcription factors, including KLF4, C/EBPB, and ATF3, and could subsequently regulate a number of genes that are related to inflammatory responses.
Through microarray analysis, we identified four genes (FOSB, CEBPB, SLC7A5, and NAV2) that were upregulated in miR-663-LNA-treated ECs and were also predicted as (A-C) , showing differentially expressed genes by Ͼ50% at a false discovery rate of 1% (A and B) and 10% (C). Ten of the miR-663-sensitive genes were validated by qPCR, normalized against 18S, and shown as fold change (means Ϯ SE, n ϭ 3), along with the corresponding microarray results. *P Ͻ 0.05. potential targets of miR-663 by TargetScan (Table 2) . Interestingly, all four genes contain poorly conserved miR-663 binding sites. In addition, miR-663 is expressed only in human and nonhuman primates. These findings suggest that the miR-663 effect targeting these four genes is species specific, and the same mechanism may not work in other species, such as mouse and rats. FOSB and CEBPB are transcription factors known to play roles in cell proliferation and inflammatory responses, respectively (12, 17) . SLC7A5 acts as a L-type amino acid exchanger (6) , and NAV2 is involved in neuronal development (3) . Since their function in ECs is unclear, further studies need to be conducted. In addition, the rest of the miR-663-regulated genes that were not predicted as direct targets of miR-663 include several inflammatory genes (IL6, IL8, E-selectin) , ER stress-related genes (ATF3 and DDIT3), and additional transcription factor (KLF4). Although they may not be direct targets of miR-663, some of these genes are likely to be important inflammatory and stress mediators. In addition, KLF4 may play an important role in mediating the effects of miR-663. KLF2 and KLF4 are key regulators of endothelial function and are induced by atheroprotective shear stress (27) . Overexpression of KLF4 in human ECs significantly reduced TNF-␣ induction of E-selectin and VCAM-1, suggesting KLF4 has an anti-inflammatory effect through inhibiting adhesion molecules (16) . Recently, Villarreal et al. (32) also showed that a significant degree of mechanistic and functional conservation between KLF4 and KLF2. Collectively, these transcription factors have been shown to coordinate transcriptional programs important for vasodilation, antiinflammation, and antithrombotic effect in vascular ECs. Our data show inhibiting miR-663 with miR-663-LNA restores KLF4 expression in ECs under OS. This warrants further investigation of the role of miR-663 and KLF4 in OS-induced inflammation.
Recently, miR-19a and miR-23b were shown to be upregulated by LS compared with static condition, regulating sheardependent proliferation pathway in ECs (22, 33) . However, these miRNAs were not identified in our study, which compared LS vs. OS (rather than static), and that may be a reason for the discrepancy.
A critical unexplored aspect of miRNA function is the subtlety and complexity of gene regulatory networks. In a setting in which one miRNA can regulate hundreds of genes, and one gene can be regulated by a number of miRNAs, lack of knowledge in the mechanisms that govern miRNA- mRNA, as well as miRNA-miRNA interactions, is a major issue. Current prediction methods of miRNA targets are based on the seeding region of miRNAs that bind to the target site(s) on a given mRNA by sequence complementarities. These methods also consider additional pairing by other nucleotides, which has been hypothesized to be important in miRNA binding (7) . The tolerance for extensive mismatches outside the seed region is indeed to increase the number of potential targets under miRNA control. Unfortunately, this complexity of interactions hinders the discovery of actual miRNA targets. In addition, it was interesting to note a complex relationship between the endogenous miR-663 levels regulated by OS or LS to the miR-663 levels regulated by forced overexpression using pre-miR633 in our present study. While inhibition of endogenous miR-663 by using miR-663-LNA significantly attenuated OS-induced monocyte adhesion, forced overexpression of miR-663 by using pre-miR663 showed only a marginal effect on it. The reason for this discrepancy is not clear, but one possibility is that miR-663 expression in HUVEC may have reached a sufficient level by OS alone, and that additional forced expression by pre-miR-663 does not contribute to further inflammatory pathway activation for some reason. In addition, factors contributing to the control of inducible or repressible miRNA expression and miRNA-coordinated expression with other regulatory molecules are not well known and need to be investigated. For instance, depleting miRNA 221 and 222 in HUVEC affects the miRNA profile, showing 9 upregulated and 23 downregulated miRNAs (28) . This observation demonstrates the complex network involving coexpression of miRNAs and transcription factors that can be altered by a single miRNA variation (28) . In our study, we examined whether miR-663 inhibition alters expression of other shear-sensitive miRNAs. As shown in Fig. 5 , while miR-663-LNA inhibited its own expression level in OSexposed ECs, it showed no significant effect on any of the examined shear-sensitive miRNAs, except for a modest (ϳ30%) increase for miR-27b. This result suggests that the proinflammatory effect of miR-663 is not likely to be mediated by regulating expression of other shear-sensitive miRNAs. Given its typical subtlety, any individual biological process mediated by miRNA may require a number of different factors that contribute to the final outcome. This type of subtlety makes it difficult to identify a single gene as a direct mediator responsible for the effect of miRNA on any given biological function. In summary, this is the first report identifying oscillatory shear-sensitive miRNAs in HUVECs and demonstrating miR-663 involvement in OS-induced cellular inflammation. We also demonstrate a gene list regulated by miR-663 under OS condition. We have recently demonstrated that disturbed flow conditions, such as OS, are causally linked to atherosclerosis development. The shear-sensitive miRNAs, discovered in this study, could be potential therapeutic targets for the treatment of atherosclerosis.
